Introduction
============

Idiopathic pulmonary fibrosis is a specific fibrosing form of interstitial pneumonia that is chronic, progressive, and of unknown cause. It is limited to the lungs, occurs primarily in older adults, and is associated with the histological and/or radiological characteristics of usual interstitial pneumonia.[@b1-dddt-9-3369] Studies in Europe suggest an annual incidence of 0.22--7.4 cases per 100,000 and a prevalence of 1.25--23.4 cases per 100,000 in the population.[@b2-dddt-9-3369] The prognosis is poor, with a median survival time estimated at 2--5 years from the time of diagnosis.[@b3-dddt-9-3369] The 5-year survival rate is approximately 20%,[@b4-dddt-9-3369] and the mortality burden associated with idiopathic pulmonary fibrosis is higher than that of some cancers.[@b5-dddt-9-3369]

Pirfenidone ([Figure 1](#f1-dddt-9-3369){ref-type="fig"}, [5](#f5-dddt-9-3369){ref-type="fig"}-methyl-1-phenyl-2-\[1H\]-pyridone, PFD) is an orally bioavailable, synthetic pyridone compound indicated for the treatment of idiopathic pulmonary fibrosis in various countries worldwide,[@b6-dddt-9-3369] including Europe,[@b7-dddt-9-3369],[@b8-dddt-9-3369] the USA,[@b9-dddt-9-3369] and the People's Republic of China. It is classified as an immunosuppressant.[@b8-dddt-9-3369] Although the mechanism of action is not fully understood, existing data from in vitro studies and animal models of pulmonary fibrosis suggest that PFD has antifibrotic, anti-inflammatory, and antioxidant properties.[@b10-dddt-9-3369]--[@b12-dddt-9-3369] In experimental animal models, PFD has demonstrated an antifibrotic effect in several tissues, including the lung, liver, and kidney.[@b13-dddt-9-3369],[@b14-dddt-9-3369] The drug product is an immediate-release hard capsule containing 267 mg of PFD; the recommended daily dose is three 267 mg capsules three times a day with food, for a total of 2,403 mg/day. When taken as directed with a meal, PFD is absorbed slowly, and is predominantly (80%--85%) excreted via the urine, with a mean apparent terminal elimination half-life of 2.4 hours. Tissue distribution studies have provided little evidence to suggest accumulation of PFD and its metabolites in any tissues; adequate exposure has been shown in the presumptive target organ, the lung.

Liposomes are being widely investigated as potential drug carriers due to their ability to protect and carry drug molecules.[@b15-dddt-9-3369] Application of liposomes could not only increase accumulation of a drug within the target organ, but also reduce the amount of drug that can penetrate into healthy tissues and thereby reduces systemic toxicity. Liposomes can carry hydrophilic and lipophilic as well as amphoteric drug molecules entrapped either in the core or in the liposome bilayer. It has been demonstrated that liposomes can increase drug solubility and stability, as well as providing good drug loading for both hydrophilic and lipophilic drugs.[@b16-dddt-9-3369] Thus, a number of studies have shown that the liposome carrier can improve the oral bioavailability of poorly bioavailable drugs and change the in vivo distribution of entrapped drugs.[@b17-dddt-9-3369],[@b18-dddt-9-3369]

The objective of this study was to develop a novel PFD-loaded liposomal system using the thin film hydration technique. The PFD-loaded liposomes were characterized in terms of their morphology, size, zeta potential, encapsulation efficiency, and in vitro release profile. Pharmacokinetic and distribution studies were carried out in rats after intravenous administration of PFD-loaded liposomes, with PFD injection as the control preparation.

Materials and methods
=====================

Materials
---------

PFD (purity \>99.6%, [Figure 1](#f1-dddt-9-3369){ref-type="fig"}) and carbamazepine (internal standard, purity \>98.2%) were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, People's Republic of China). PFD (purity \>98%) was obtained from Kovii Chemical Co Ltd (Shanghai, People's Republic of China). PFD injection was purchased from InterMune Co Ltd (Tokyo, Japan). Egg phosphatidyl choline and high-purity cholesterol were donated by Phospholipid Technology Co., Ltd. (Shanghai, People's Republic of China). All other chemicals and reagents were of at least analytical grade. Alpha-tocopherol and stearamine were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, People's Republic of China). Double-distilled water was produced by a Millipore water purification system (Millipore Corporation, Billerica, MA, USA). All other chemicals used in the study were of analytical grade and obtained commercially.

Animals
-------

The experiments were performed on rats weighing 220±20 g and mice weighing 22±2 g. The animals were kept in cages in a room at a temperature of 25°C±2°C, with a 12:12-hour light-dark cycle. Food and water were freely available. All experiments were performed in strict accordance with the Guide for the Care and Use of Laboratory Animals as adopted by the Chinese National Institute of Health.

Preparation of PFD-loaded liposomes
-----------------------------------

PFD liposomes was prepared by the film hydration method reported by Ng et al[@b19-dddt-9-3369] with slight modifications. Briefly, egg phosphatidyl choline, cholesterol, and PFD (mass ratio 60:7.5:1.5) were dissolved in dichloromethane. A thin film of dry lipid was deposited on the inner wall of the flask by evaporating the solvent under vacuum at 40°C. The film was hydrated at 40°C with phosphate-buffered saline (pH 7.4) followed by sonication for six cycles at 1,200 bar with an ultrasound probe (EmulsiFlex-B15, Avestin, Ottawa, ON, Canada) to form the PFD liposomes. The final suspension volume was about 10 mL, which was then passed through a 1 μm mesh sieve to remove aggregates (recovery rate \>85%). The liposomes were collected by filtration of 5 mm mixed cellulose eater membrane.

Physicochemical characterization
--------------------------------

### Electron microscopy

The morphology of the PFD liposomes was observed by transmission electron microscopy (JEM-1230, JEOL, Tokyo, Japan). A drop of the sample placed on a carbon-coated copper grid was negatively stained with 2% phosphotungstic acid, then viewed and photographed.

### Particle size

The particle size and zeta potential of the liposomes were measured using a Zetasizer Nano ZS analyzer (Malvern Instruments, Malvern, UK). Next, 20 μL of the prepared liposomes were diluted in 1.5 mL of ultrapure water and shaken prior to measurement at 25°C. Dynamic light scattering data were collected using a helium laser as the light source and mean results were provided by photon correlation spectroscopy.

### Entrapment efficiency

The entrapment efficiency was determined by equilibrium dialysis as described elsewhere[@b20-dddt-9-3369] using an equilibrium system with dialysis membranes (molecular weight 12,000, Shanghai Chemical Reagent Co Ltd., Shanghai, People's Republic of China). The diluted liposome dispersion (100 μL to 1.5 mL) was dialyzed against phosphate-buffered saline (pH 7.4) for 4 hours. After precipitation by 10 mL ethanol, the concentration of PFD in the liposomes was determined by reverse phase HPLC. The encapsulation efficiency of the liposomes was calculated using the formula: $$(M1 - M2)/M1 \times 100\%$$where M1 and M2 are the mass of the initially added PFD and non-encapsulated PFD, respectively.

In vitro release
----------------

In vitro release was investigated via a dialysis bag method. First, 1 mL each of PFD liposomes and PFD injection were placed in cellulose ester dialysis bags (molecular weight 12,000). These bags were then put in 26 mL of phosphate-buffered saline (pH 7.4) and heated at 37°C±0.5°C. At predetermined time points of 0.25, 0.5, 1, 2, 4, 6, 8, 10, 12, and 24 hours, 1 mL of dissolution medium was withdrawn and precipitated before analysis by HPLC. The supernatant (20 μL) was then directly injected into the HPLC system and analyzed for the PFD released. The release profiles were plotted and fitted using different in vitro release models.

Pharmacokinetics
----------------

The rats used in this study were randomly divided into two groups with ten animals each. Group 1 received the intravenous PFD liposomes at a PFD dose of 2.5 mg/kg. Group 2 received the same intravenous dose in the form of PFD injection as a control. For the pharmacokinetic studies, 0.5 mL samples of whole blood were collected from groups 1 and 2 at 0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 12, and 24 hours following intravenous administration and immediately centrifuged at 4,000 rpm for 10 minutes to obtain plasma samples. The supernatant plasma (0.25 mL) was transferred to new tubes and stored at −80°C until analysis.

Biodistribution studies
-----------------------

One hundred mice were divided randomly into two groups, each containing 50 mice. The PFD liposomal formulation or PFD injection was injected into each mouse via the tail vein at a PFD dose of 2.5 mg/kg. At various time intervals after intravenous administration (0.6667, 0.25, 0.5, 1, 2, 4, 6, 8, 10, 12 hours), five mice in each group were selected randomly. Approximately 500 μL of blood were taken from the retro-orbital plexus of these mice and centrifuged (4,000 rpm, 4°C, 10 minutes) to obtain plasma. Each animal was euthanized, in accordance with the the ethics committee of 85 Hospital of People's Liberation Army, then heart, liver, spleen, lung, and kidney were immediately removed, and approximately 100 mg of tissue slices were excised, weighed, and homogenized with a 10-fold volume of saline in a tissue homogenizer and centrifuged (4,000 rpm, 4°C, 10 minutes) immediately to collect the supernatant. The plasma and supernatant samples were stored at −80°C until analysis.

After the biodistribution studies, the mice from the last observation point (12 hours) were used to investigate the histopathological change of each tissue after intravenous administration of a single dose of the formulation. All the organs were pressed between filter pads, weighed, and then fixed in 10% neutral formalin using standard techniques and stained with hematoxylin and eosin for histopathological examination. All tissue samples were examined and graded under light microscopy with 500× magnification. PFD injection was investigated as a contrast and saline was the negative control.

Analytical conditions
---------------------

Liquid chromatography tandem-mass spectrometry (LC-MS/MS) experiments were conducted with an API2000 tandem mass spectrometer product line of Thermo Fisher Scientific, Waltham, MA, USA equipped with a binary and a quaternary pump (series 1200, Agilent, Santa Barbara, CA, USA). Analyses were performed on a 5 μm ODS-3 column (100 mm ×4.6 mm) at a flow rate of 0.4 mL per minute. The mobile phase consisted of 0.1% formic acid and acetonitrile (45:55, v/v) and the column temperature was maintained at 30°C. LC-MS/MS was carried out using nitrogen to assist nebulization. The multiple reaction monitoring transitions are 186.2→92.1 for PFD and 237.1→194.2 for internal standard.

The mass spectrometer was run in positive ion mode and tuned for unit mass resolution in the mass range used in the experiments. The exact source conditions were: drying gas temperature 350°C, drying gas flow 10 L per minute, nebulizer pressure 30 psig, quadrupole temperature 100°C, and capillary voltage 4,000 eV. Nitrogen was used exclusively as the drying gas. After acquisition of the resultant selected ion monitoring, chromatograms were integrated using HP Chemstation software.

Next, 100 μL of the plasma sample were transferred to a 5 mL plastic test tube together with 10 μL of internal standard solution (0.5 mg/mL carbamazepine). After shaking for 30 seconds (5432 vortex mixer, Eppendorf, Hamburg, Germany), 300 μL of acetonitrile were added, and the mixture was vortexed for another 2 minutes. After centrifugation at 12,000 rpm for 10 minutes (Thermo Scientific IEC, Waltham, MA, USA), a 5 μL aliquot of the solution was injected into the LC-MS/MS system for analysis.

Tissue samples (200 mg) were homogenized in normal saline solution (0.5 mL). A 0.1 mL volume of the homogenized sample was transferred to a 5 mL plastic test tube. The rest of the preparation process was the same as for the plasma samples.

Statistical analysis
--------------------

All data are presented as the mean ± the standard deviation. The statistical analysis was performed using the Student's *t*-test. *P*-values \<0.05 were considered to be statistically significant.

Results and discussion
======================

Physicochemical characterization
--------------------------------

Among the various new drug delivery dosage formats and technologies, the liposomal formulation is considered to be a relatively nontoxic technology that can encapsulate both lipophilic and hydrophilic drugs.[@b16-dddt-9-3369],[@b21-dddt-9-3369],[@b22-dddt-9-3369] Liposomes are presently considered to be one of the most promising carriers for drug delivery.

In this study, PFD liposomes were prepared successfully by the film hydration method and visually appeared as a green to yellowish suspension, and morphologically were spherical in shape and multilamellar in nature ([Figure 2](#f2-dddt-9-3369){ref-type="fig"}). The particle size of the PFD liposomes was 582.3±21.6 nm. Relatively high entrapment efficiency (87.2%±5.7%) could be attributed to the lipophilic nature of the PFD in neutral conditions; it tends to interact with the hydrophobic domain of lipid membranes.[@b23-dddt-9-3369],[@b24-dddt-9-3369] The zeta potential of the PFD liposomes was −22.9±0.81 mV, indicating that there was a high number of negative charges on the surface of the liposomes. It was found from the previous studies that the higher the absolute value of the zeta potential (\>15 mV), the stronger the electrostatic repulsion between particles, which makes it more difficult for these liposome particles to aggregate so they are more stable in the dispersal system.[@b25-dddt-9-3369]

In vitro release
----------------

The dialysis bag method was chosen for separation of free PFD from PFD liposomes in the in vitro release study, and the results are shown in [Figure 3](#f3-dddt-9-3369){ref-type="fig"}. The injectable formulation released PFD rap idly and almost completely within 6 hours. However, the PFD liposomes released 45.3%±6.7%, 62.6%±5.4%, and 74.7%±5.1% of PFD within 2, 8, and 24 hours of dialysis, respectively. The first 2 hours was an initial burst-release phase, which could be related to release of drug adsorbed on the surface of the liposomes. Thereafter, the release rate became slow, demonstrating typical sustained and prolonged drug-release behavior. From [Table 1](#t1-dddt-9-3369){ref-type="table"}, the in vitro drug-release kinetic model for the PFD liposomes fitted well with the Weibull distribution equation, ie, lnln (1/(1--Q)) =−3.431ln*t*+2.226 (*r*=0.9963). Therefore, it was speculated that the sustained-release properties of the liposomes could enhance the absorp tion of PFD in the blood circulation.

Validation of the analysis method
---------------------------------

The linear range of the assay for animal plasma and tissues was 5--2,000 ng/mL and the standard curve for PFD was Y =2.651C -- 1.712 (*r*=0.9993). The intraday and interday assay variability for all samples did not exceed 10% and 15%, respectively. The recoveries of the extract method were in the range of 90%--110%. The detection limits and quantitation limits of liquid chromatographic analysis were determined to be 5 ng/mL for the in vivo plasma/tissue samples. Further, there were no interfering peaks observed in any of the chromatograms. It should be noted that the LC-MS/MS technique, although simple, is an effective method for analyzing PFD in a liposomal system.

Pharmacokinetic studies
-----------------------

The mean plasma concentration-time profiles after oral administration of free PFD and liposomal PFD are presented in [Figure 4](#f4-dddt-9-3369){ref-type="fig"}. The pharmacokinetic parameters are shown in [Table 2](#t2-dddt-9-3369){ref-type="table"}. Significant differences in the pharmacokinetic parameters of PLD were observed between the PFD injection and the PFD-loaded liposomal formulation. Liposomes provided a higher mean residence time (2.93-fold), clearance half-life (*t*~1/2α~; 2.13-fold), and distribution half-life (*t*~1/2β~; 3.42-fold) when compared with the PFD injection. The peak plasma concentration reached was 453.3±65.7 ng/mL for free PFD compared with 324.7±36.9 ng/mL for the liposomal PFD formulation. The area under the curve to the last measurable point (AUC~0--t~) for PFD in the liposomal formulation was significantly increased, being 2.06-fold that of the PFD injection. The increased peak plasma concentration and AUC~0--t~ indicate increased absorption. The absolute bioavailability of the encapsulated PFD was 206%, ie, significantly (*P*\<0.05) enhanced when compared with the free drug. However, compared with the PFD injection, the clearance of PFD was reduced in the case of the liposomal PFD formulation, which might possibly be due to the fact that the injection had a larger volume of distribution than the liposomal formulation. The relatively slower time taken to reach a minimal plasma concentration of PFD suggests that the liposomes have a sustained-release profile in vivo, which is consistent with the results of the in vitro release study.

Biodistribution studies
-----------------------

A lung targeting study was done to compare the PFD injection and the liposomal PFD formulation and determine the magnitude of change in the redistribution profile of the drug when administered in liposomal form. The total amount of drug accumulated in each tissue or plasma (AUC0-t) was calculated, and the results are shown in [Table 3](#t3-dddt-9-3369){ref-type="table"}. The ratio between liposomes and injection of AUC value of plasma was consistent with the results of the pharmacokinetic study. The largest AUC for the liposomal PFD formulation was found in the lung. The high drug distribution achieved in the lungs using the liposomal formulation may be the result of physical trapping of the liposomes in the vascular network of the lung. The AUC of PFD in reticuloendothelial system-rich organs (liver and spleen) also increased after administration of the liposomal formulation. However, this increase was smaller in the liver and spleen than in the lung, indicating that the liposomal PFD used in this study preferentially targets the lung.

Histopathological examination of the heart, liver, spleen, lung, and kidney was carried out to check for any tissue damage. After hematoxylin and eosin staining, sections of tissue were observed under a light microscope ([Figure 5](#f5-dddt-9-3369){ref-type="fig"}), and myocardial toxicity was identified for the PFD injection. However, myocardial cells in the liposome group showed no obvious damage. The toxicity of heart reduced because the liposome of PFD could change the biodistribution of PFD in vivo. Slices from other organs indicated no obvious pathological features between the treatment group and the saline group. In the normal control group, the structure of the alveoli and epithelium of the bronchi were intact and the alveolar walls were normal without any neutrophilic infiltration. In the PFD injection group, both interstitial edema and neutrophilic infiltration could be found. However, the liposomal PFD formulation caused much less damage, with no distinct interstitial edema but a small amount of neutrophilic infiltration. These results indicate that a PFD liposomal formulation could alleviate pathological injury in lung tissue.

Conclusion
==========

PFD liposomes were prepared successfully by the film hydration method. The particle size was 582.3±21.6 nm and the entrapment efficiency was relatively high (87.2%±5.7%). These liposomes showed typical sustained and prolonged drug-release behavior in vitro. The relatively longer time taken for PFD to reach minimal plasma concentration suggests a sustained-release profile for the liposomes in vivo. The largest AUC value for the liposomal formulation was in the lung, which may be the result of physical trapping of the liposomes in the vascular network of the lung. Histopathology results showed that liposomal PFD could alleviate pathological injury in the lung.
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![Structure of pirfenidone.](dddt-9-3369Fig1){#f1-dddt-9-3369}

![Transmission electron micrograph of the liposomal pirfenidone formulation. Magnification 1,000×. The scale bar represents 250 nm.](dddt-9-3369Fig2){#f2-dddt-9-3369}

![Drug release profiles for PFD liposomes (Δ) and PFD injection (⋄) in phosphate-buffered saline (pH 7.4) for 24 hours (n=6).\
**Abbreviation:** PFD, pirfenidone.](dddt-9-3369Fig3){#f3-dddt-9-3369}

![Mean plasma concentration-time profiles for pirfenidone after intravenous administration of a single 2.5 mg/kg dose of the PFD injection and the liposomal PFD formulation to rats.\
**Notes:** Each point represents the mean ± standard deviation for 10 rats. ⋄, injection; Δ, liposomes.\
**Abbreviation:** PFD, pirfenidone.](dddt-9-3369Fig4){#f4-dddt-9-3369}

![Hematoxylin-eosin stained tissue sections from different tissue of mice after intravenous injection of the 2.5 mg/kg PFD formulations.\
**Notes: (A)** Saline, (**B**) PFD injection, and (**C**) liposomal PFD. The scale bar represents 200 μm.\
**Abbreviation:** PFD, pirfenidone.](dddt-9-3369Fig5){#f5-dddt-9-3369}

###### 

Dissolution kinetic parameters of pirfenidone from liposomes

  Model                  Formulations                      
  ---------------------- --------------------------------- --------
  Zero-order equation    Q =2.718*t*+15.872                0.9182
  First-order equation   ln(1--Q) =−1.212*t*+0.762         0.9421
  Higuchi                Q =15.271*t*~1/2~ +12.287         0.9672
  Weibull's equation     ln(1/(1--Q)) =−3.431ln*t*+2.226   0.9963

###### 

Pharmacokinetic parameters of the two formulations

  Parameter             Formulations   
  --------------------- -------------- -----------------------------------------------------------
  *t*~1/2α~ (hours)     0.54±0.23      1.15±0.52[\*](#tfn1-dddt-9-3369){ref-type="table-fn"}
  *t*~1/2β~ (hours)     1.98±0.87      6.77±2.53[\*](#tfn1-dddt-9-3369){ref-type="table-fn"}
  *C*~max~ (ng/mL)      453.3±65.7     324.7±36.9[\*](#tfn1-dddt-9-3369){ref-type="table-fn"}
  AUC~0--t~ (ng·h/mL)   733.6±78.9     1,512.2±129.2[\*](#tfn1-dddt-9-3369){ref-type="table-fn"}
  AUC~0--∞~ (ng·h/mL)   982.3±82.8     2,019.4±136.7[\*](#tfn1-dddt-9-3369){ref-type="table-fn"}
  MRT (hours)           2.32±0.98      6.79±1.41[\*](#tfn1-dddt-9-3369){ref-type="table-fn"}
  CL (L/hour)           4.61±1.35      1.35±0.78[\*](#tfn1-dddt-9-3369){ref-type="table-fn"}

**Note:**

*P*\<0.05 versus injection.

**Abbreviations:** MRT, mean residence time; CL, clearance; *C*~max~, peak plasma concentration; AUC~0--t~, area under the curve to the last measurable point; AUC~0--∞~, area under the curve from 0 to infinity; PFD, pirfenidone; *t*~1/2α~, clearance half-life; *t*~1/2β~, distribution half-life.

###### 

Area under the curve from 0 to 12 hours for PFD in the heart, liver, spleen, lung, kidney, and plasma after intravenous administration of the injection and liposomal formulations to rats (n=5)

  Formulation                                        Heart        Liver        Spleen       Lung                                               Kidney       Plasma
  -------------------------------------------------- ------------ ------------ ------------ -------------------------------------------------- ------------ --------------------------------------------------
  PFD injection (ng⋅hour/g)                          912.4±88.6   735.9±87.2   695.4±71.8   721.5±68.4                                         857.3±76.4   657.3±59.4
  PFD liposomes (ng⋅hour/g)                          871.4±79.2   867.6±85.7   786.3±83.3   1,526.5±141.8                                      815.3±77.9   1,215.2±133.6
  Ratio[a](#tfn3-dddt-9-3369){ref-type="table-fn"}   0.96         1.18         1.13         2.12[\*](#tfn4-dddt-9-3369){ref-type="table-fn"}   0.95         2.16[\*](#tfn4-dddt-9-3369){ref-type="table-fn"}

**Notes:**

Ratio was AUC (PFD liposomes)/AUC (PFD injection);

*P*\<0.05, liposomes versus injection.

**Abbreviations:** AUC, area under the curve; PFD, pirfenidone.
